JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. Abstract.-Area Vulnerability Scores (AVSs) are a measure of the potential impact that oil pollution in an area of sea might have on seabird populations. They are used in the United Kingdom and the Republic of Ireland as a conservation tool, principally to inform the decision making processes related to the licensing of oil exploration at sea and to responses to oil pollution incidents. AVSs are currently calculated and mapped at a scale of 15' latitude x 30' longitude grid squares. Patterns of seabird distribution are known to be scale dependent and the same is also true for oil pollution. This suggests that the physical interactions between oil pollution and seabirds may also be dependent on spatial scale. We consider the sensitivity to spatial scale of the vulnerability that is determined by the interactions between oil pollution and seabirds and examine the scale dependent variation in vulnerability, as defined by AVS. The results demonstrate scale dependence in AVS and some features of its spatial distribution. These are decreasing heterogeneity in AVS with increasing spatial scale, and the presence of some spatial structure at a scale 20-30 km which could not be detected when estimating AVS at larger scales. These patterns in vulnerability are a consequence of scale dependence in the spatial distribution of seabird density. In addition an increase in scale resulted in a tendency to overestimate AVS which also lead to an apparent expansion in size of the higher vulnerabilities such as those around the coast. These results were an artifact of the calculation of AVS. The results of this study have implications for the way in which we use AVS and other similar measures to assess vulnerability. They suggest that calculation of AVS should be done on a fine spatial scale, however, bird density data are not available at the appropriate spatial resolution without combining data over an extended temporal scale which runs the risk of distorting the spatial patterns. These effects may be mitigated by calculating AVS on a spatially stratified basis, at high resolution in the areas of high density and coverage, and at low resolution in areas of low densities and low coverage.
INTRODUCTION
The need to assess vulnerability of seabird populations to oil pollution has been appreciated for a number of years (e.g., Wiens et al. 1984) and several attempts at quantification have been made (e.g., King and Sanger 1979, Speich et al. 1991) . Tasker et aL (1990) devised an oil vulnerability index (OVI) that quantifies the degree to which seabird species of north-west European seas could be considered at risk to sea surface pollution. An OVI is calculated for each species and takes the form:
OVI = 2A+2B+C+D
The variables A, B, C and D represent risk factors which are scored from 1 to 5. For example, A and D represent the risk of individual birds becoming oiled. A combines data from beached bird surveys of the proportion of birds found dead or moribund on the shore that were oiled and at sea survey data of the proportion of birds that were on the water surface. D is a measure of the reliance of the birds on the marine environment with those species spending more time at sea being considered to be at greater risk. The risks faced by biogeographic populations are represented by B and C. The score of B is inversely proportional to the size of the biogeographic population while C measures the rate of recovery of a population based on average clutch sizes and age at first breeding. Further details of the oil vulnerability index are provided by Williams et al. (1995) including a list of the species and their associated OVIs for the North Sea. In itself, the OVI is of little benefit in formulating responses to anticipated or actual pollution incidents. To provide a more useful conservation tool the OVI has been combined with bird density data to calculate the Area Vulnerability Score (AVS) which attempts to quantify the impact that oil pollution in a given area will have on seabird populations (Williams et al. 1995 where pi and OVIi are the density and oil vulnerability index of the i th species respectively and n is the total number of species. To date, density estimates and AVSs have been computed for rectangles measuring 15' latitude x 30' longitude, for each month, data being combined over years. In this form, the AVS has been mapped and presented as atlases of vulnerability (Tasker et al. 1990 , Carter et al., 1993, Webb et al., 1995) . These are used routinely by government and private companies as practical conservation tools, both proactively and reactively. Vulnerability is related to the probability of a physical interaction taking place between spilled oil and seabirds, which in turn is dependent on the spatial distribution of both the birds and oil. However, neither the OVI nor AVS take any account of the distribution of oil and, consequently, can only be considered as assessments of potential vulnerability. For example, the AVS addresses the question-"What will be the impact on seabird populations of an oil spill covering an area of given size and location?" but to establish the "actual"vulnerability requires the additional assessment of the probability that an oil spill will cover the defined area.
Research into the effects of spatial and temporal scaling on patterns and processes in ecological systems has progressed greatly in recent years (Wiens 1989 , Levin 1992 , Schneider 1994 ). However, the study of ecological scaling, is not an entirely new development. Early phytosociological research (e.g., Greig-Smith 1952) provided the impetus for a series of studies that sought to quantify the effect of scale on the spatial patterns of vegetation distribution (see Usher 1975) . With respect to marine systems, Stommel (1963) pointed out that the oceans are not only highly structured, but were so at different spatial and temporal scales. As a consequence of this insight into the structure of the physical environment, biological oceanographers have considered scale effects in a range of studies from the distribution of phytoplankton (Steele 1978) to the foraging of top predators (Hunt and Schneider 1987) .
The physical interaction between spilled oil and seabirds has made a significant contribution to natural mortality in some areas (Burger 1993 ). Just as with other ecological interactions we may anticipate scale dependence exists in this interaction. Scale dependence has already been demonstrated in relation to seabirds. For example, the degree of aggregation in the spatial distribution of seabirds has been shown to vary in response to changes in spatial scale (Schneider and Duffy 1985) . Altering the scale of observation has also been shown to affect the correlation between the spatial distribution of seabirds and their prey (Schneider and Piatt 1985, Piatt 1990 ), suggesting that scale-dependence exists in predator prey interactions. Initial consideration of the way in which oil is obtained and transported in the marine environment also suggests that the spatial distribution of oil on the sea surface is scale-dependent, probably arranged in the form of a nested hierarchy. For example, at large spatial scales, oil production sites are grouped together into areas on the basis of appropriate geology. At a similar range of scales, there is an increased risk of pollution associated with the concentration of shipping in shipping lanes. Within these areas but at a smaller scale, individual pollution incidents occur such as the loss of oil from individual vessels, production installations, and pipelines.
As actual vulnerability depends on the interaction between seabirds and oil pollution and potential vulnerability is reliant on the spatial distribution of seabirds, we might expect that they are both sensitive to changes in spatial scale. In this paper, we consider how actual vulnerability may vary across spatial scale and examine the effect of changing spatial resolution on the estimation of potential vulnerability.
STUDY AREA AND METHODS
The geographical focus of the study was the seas of north-west Europe between 50?N and 60?N, and 10?W and 10?E (Fig. 1) . The area vulnerability scores (AVS) were calculated as described in Williams et aL (1995) 
RESULTS
In an attempt to quantify the spatial scales at which oil pollution occurs, we analyzed data on the spatial extent of oil spillages reported to the Marine Pollution Control Unit of the UK Coastguard Agency during 1996. Of the 217 incidents reported, 76 contained details of the extent of the spill. Of the reports that lacked information concerning the extent of the spillage, 83 related to oil installations for which the reporting format does not include a coverage estimate and 57 related to spills from vessels or releases from outfall for which the relevant data were not reported. The Sea Empress incident, in which more than 70,000 tonnes of oil were released, was excluded because of its ."'0~ 0;00:-.
-o. area of moderate vulnerability in the Moray Firth on the east coast of Scotland is lost as scale is increased (Fig. 4) . The frequency distributions of AVSs at each scale for both months are over dispersed with respect to a Poisson distribution (i.e, variance > mean; Table 1) demonstrating that, at each scale, vulnerability is aggregated within squares (see Fig. 5 for data from August). With a decrease in grain, there is a reduction in the extent to which the frequency distributions are positively skewed and there is a reduction in kurtosis (Table 1) demonstrating an increase in the evenness with which vulnerability is distributed between the squares. This is consistent with the (Fig. 6a) . Given the res- larger scale, AVS was aggregated at about 300 km (Fig. 6b) or about 2.5? of latitude, which is consistent with the area of high vulnerability around the coasts of Scotland and northern England (Fig. 3) . As a consequence of decreasing the grain the pattern of spatial continuity is altered in 2 ways. First, the small scale patch structure is lost as the heterogeneity at this scale is incorporated within the squares at the larger scales (Fig. 6c) . Secondly, there is an increase in the variogram range from 300 km to ca. 400 km (Fig. 6d) . This arises as the reduction in resolution with decreasing grain results in the edges of the large scale patches of high vulnerability being incorrectly defined. The variograms for February also identify two scales of spatial structure, one at 20-30 km (Fig. 7a) the small scale structure is lost with decreasing grain (Fig. 7c) . The larger scale structure becomes more pronounced as the grain is decreased, although the size of the structure does not increase (Figs. 7b and 7d) . (Fig. 8) .
These results may be placed in a spatial context by plotting the difference between AVSI/1 and AVS1/4 at the AVS1/l scale for August (Fig. 9) . As expected because of the bias in AVS at the larger scale, the greatest differ- er patches of oil, thereby adding smaller spatial scales to the hierarchical structure. The smallest scale of oil spill properties considered here (i.e., the internal slick structure) is likely to be of little consequence in assessing the vulnerability of seabirds as their movement relative to the oil is likely to integrate the level of exposure they experience across a larger area. However, the potential for interaction between seabirds and aggregations of oil at the larger scales identified cannot be dismissed. The relative importance of the different scales of oil distribution to the assessment of the vulnerability of an area is de-' pendent on whether a reactive or proactive approach to oil pollution is required. When a reaction to an oil spill is needed the structure of the individual oil spills suggests the assessment of vulnerability will be required at a scale of perhaps 5 to a few tens of kilometers, although this is also dependent on the distribution of the birds as discussed below. In a proactive scenario, such as the provision of advice on the sighting of oil production installations, the requirement is to assess the vulnerability of an area in which the probability of an oil spill is increased as the exact .j -location of such a spill is likely to be unpredictable. This necessitates consideration of a larger spatial scale than that of an individual oil spill. However, we are not in a position to identify what this scale is and whether it changes as consideration of the potential risk changes from that arising from the exploration and exploitation of oil reserves within a licensing block, the sighting of a pipeline or any other oil related activity. In quantifying the potential impact on seabird populations of a surface pollutant in a given area the AVS utilizes 2 components; estimates of seabird density and oil vulnerability indices. The OVI as formulated by Tasker (1990) and used in the present study does not in itself account for spatial location and as such is invariate under changes of spatial scale. However, sensitivity to spatial scale is implicit in choosing to assess risk in terms of biogeographic populations. This brings about 1 element of scale dependence in the AVS. A combination of high species densities and small geographic populations means that relatively high proportions of the total world population may be present within a given area, which would consequently be accorded a high vulnerability. While this argument may hold for large spatial scales, its generalization to small scales does not necessarily follow. As scale is reduced, bird density and AVS remain of the same magnitude. However, the number of birds present with an area declines and there comes a point at which, even at high bird density, few birds are present. The impact of oil pollution on such an area will be of no significance at the biogeographic population level. This suggests that there is some lower limit of spatial scale below which AVS is no longer useful. The exact scale at which this effect occurs depends on the relative values of density and the size of the biogeographic population. In addition, the conservation of national or local populations of seabirds is often as important as the conservation of biogeographic populations. For the most species, a given density will represent a larger proportion of local than of national populations, and a larger proportion of national populations than of biogeographic populations. Therefore, if the OVI were reformulated to account for conservation interest focusing on smaller organizational units, the scale at which AVS represent insignificant numbers of birds would be reduced.
The AVS is the sum of the abundance of each species weighted by their oil vulnerability index and because, as stated above, OVI is not referenced spatially the patterns of spatial distribution in AVS are attributable solely to the combination of the spatial distribution of each species. Those species of high abundance and with high OVI contribute most to the observed patterns. For example, during August, the pattern of high vulnerability concentrated around the coasts of Scotland and northern England is dominated by the distribution of auks. At this time of year the most abundant species in the northeast Atlantic, Common Murres, disperse from their colonies which are concentrated around the coasts of northern Britain. As they are flightless for part of the year they also have a high OVI (Williams et al., 1995) . In February, the areas of highest vulnerability are distributed along the southeast coast of the North Sea from the Skagerrak to the English Channel and also in the area of Flamborough Head on the east coast of England. This pattern is consistent with the spatial distribution of gulls as well as auks (Stone et al., 1995) . The high vulnerability in the southern North Sea also coincides with the high abundance of several loon and seaduck species in this area (Stone et al., 1995) .
A further example of the pattern in AVS values being determined by the underlying bird density is the positive relationship between the absolute values of AVS and its variance. This type of relationship is often referred to as the proportional effect and is extremely common in the distribution of organisms (see for example Taylor et al., 1980) . It can be assumed with certainty that this pattern in AVS values has arisen from a similar pattern in the distribution of bird density.
In addition to determining the patterns of spatial distribution in the AVS, bird densities underlie the patterns of scale dependence displayed by AVS. For example, the decrease in the heterogeneity of AVS values with increasing scale is consistent with the behavior of individual species density across a similar range of scales (G. S. Begg, unpubl. data). The patterns of spatial dependence in AVS demonstrated by structural analysis suggests that some spatial structure, perhaps a characteristic size of patch or inter-patch distance, emerges at the scale of 20-30 km and then at 300 km. This scale dependent pattern is also likely to be representative of scale dependence in bird density. At the 300 km scale the structure probably relates to the concentrations of many species of bird within coastal waters. The smaller scale pattern is less easy to interpret, whether it represents a patch size in the distribution of one or several species or has some other significance is unclear and would require the analysis of spatial distribution, species by species.
As noted in the introduction the AVS does not take explicit account of the scale at which oil pollution occurs and as such is an estimate potential rather than actual vulnerability. To extend our consideration of scale dependence to actual vulnerability some account of the distribution of oil must be taken. The mean length of ca. 6 km for individual spills sets the minimum relevant spatial scale approximately equal to that of the 1/36 ICES square. Major spills can cover a much larger area. For example, oil released from the Exxon Valdez eventually affected an area of 30,000 km2 ), a scale in excess of any of those considered by the present study. However, such events are the exception, the majority of oiled birds arise from the chronic, small scale release of oil (Dahlmann et al. 1994 ). This small scale variation in oil distribution would be of little consequence if the seabirds were homogeneously distributed at this scale. However, heterogeneity in AVS is greatest at small spatial scales and so the risk posed by individual oil spills varies greatly between areas and vulnerability can be considered to be have a high variance at a small spatial scale. Given the significance of chronic oiling an accurate assessment at these small spatial scales would seem to be necessary.
It is also interesting to note that the dominant structures in the spatial distribution of AVS coincide with scales at which oil is likely to be aggregated. Although the scale of an individual oil spill is ca. 6 km the scale of the total area affected may well approach that 20-30 km, while the size and location of the 300 km scale coastal patches are also likely to coincide with the concentrated use and transportation of oil. Whether or not this arrangement increases the chance of birds coming into contact with oil is dependent on the exact nature of the spatial distribution of both birds and oil. Such detail has not been considered in the present study.
In addition to the biological mechanisms underlying the scale dependence of vulnerability, an artifact of the formulation of AVS is responsible for the bias in AVS values between scales. The relationship between the AVS values calculated at 2 scales is dependent on the frequency distribution of the species counts from the nested squares at the lower scale, and also on the distribution of the sampling effort between these squares. In order to generate the pattern observed in Fig. 8 , a bias in sampling effort towards those squares in which high densities (and consequently high AVS values) were recorded, would be required. In general, the concentration of effort in coastal waters might accord with this scenario but examination of the data showed there to be no consistent relationship between sampling effort and AVS. The predomination of a positively skewed distribution of species counts and, hence, densities, assuming unbiased sampling effort, indicate an alternative explanation of the relationships between AVS calculated at different scales. Consider a square for which the AVS is calculated (AVSH), and within which a number of sub-squares are nested and for which an AVS is also calculated (AVSL). The skewed distribution of the bird density values obtained for the sub-squares generates AVSL values with a more normal distribution as a consequence of the log transformation that is applied in their calculation. However, in calculating the AVSH value, the bird density data from each subsquare are combined in their untransformed state. Consequently, the sub-squares with high densities have a dominant influence on the calculation of density for the larger scale square. Therefore, the AVSH values occur at the high end of the range of AVSL values in a manner consistent with the observations. In addition to suggesting the mechanisms responsible for the sensitivity of vulnerability to spatial scale, the analysis of AVS values has demonstrated some of the consequences of scale dependence on the assessment of vulnerability and on subsequent conservation decisions. The principal problem lies in the fact that as the scale at which AVS is calculated increases there is an increase in the likelihood of over or underestimating the significance of an oil spill. Given the bias towards overestimation the assessment of impact will, for most areas, be conservative. However, the relationship between the absolute value of AVS and its variability means that the magnitude of the underestimation is greater in the areas of generally high vulnerability. At medium and higher values of AVS, less than 5% of the AVS values are accurately estimated when the grain is decreased from 1/4 to 1/1 ICES scale as compared to ca. 50% for those areas with the lowest AVS. These are the very areas in which much of the risk of oil pollution lies and since, for example, about 30% of the AVS values are underestimated on an increase in scale from 1/4 to 1/1 ICES squares, the potential exists for making conservation decisions which put seabirds at risk.
Having explored the extent to which the vulnerability of seabirds to oil pollution is dependent on scale are we in a better position to judge how best to apply AVS as a measure of vulnerability? From the preceding discussion it would seem that, at least in terms of a reactive assessment of vulnerability, all but the smallest scale applied in the present study, are inappropriate for estimating the risk posed by the majority of oil pollution incidents. This includes the 1/4 ICES scale at which concentrations of seabirds vulnerable to oil pollution has previously been mapped (Tasker et al. 1987 , Carter et al. 1993 . However, there are practical considerations that have a significant influence on the choice of spatial scale for the estimation of AVS and the provision of conservation advice. Resources do not permit the collection of sufficient density data to estimate vulnerability across usefully large areas of the sea in a structured manner. Consequently, survey effort is unevenly distributed in space and time. Data from several years must be combined, consequently there may be a confounding influence of annual variation on the spatial distribution of AVS values. As spatial scale is increased, this effect is minimized as an increasing proportion of the squares that make up the sampling grid will have been sampled in every year. At small scales, however, it is impossible to distinguish spatial and temporal (annual) differences between squares. Examination of the plot of AVS at the scale of 1/36 ICES square shows that AVS values calculated from data collected from individual transects constitute a significant proportion of the total. Therefore, although theory might indicate that this scale of resolution is the most appropriate, practical considerations require that larger scales be employed.
A possible solution to the problem of insufficient sample coverage and the underestimation of vulnerability at larger spatial scales in high vulnerability areas would be to apply a stratified approach to the analysis of vulnerability. By calculating vulnerability at a finer scale in those regions of generally high vulnerability the problem of underestimation would be minimized. This is possible because high vulnerability scores tend to be recorded in those areas that are more intensively surveyed, and so confounding temporal variation would be less of a problem. In the regions of low vulnerability, calculation of AVS at a coarse scale would minimize the problem of temporal variation and would not be problematical as the potential for under or overestimation is small.
In this analysis, we have concentrated on the effect of a change in the spatial scale at which north-west European waters are considered on the vulnerability of seabirds to oil pollution, as measured by one specific index. We have shown that, under this scenario, scale dependence exists and has implications for our assessment of vulnerability. We have considered, although not in detail, the mech-
